N itrofurantoin is a first-line antibiotic commonly used to treat uncomplicated urinary tract infection, and an estimated 25 million prescriptions are filled worldwide each year.
1,2 Therapeutic concentrations of nitrofurantoin are achieved only in the urine, and the drug is eliminated primarily by glomerular filtration, with some secretion through the renal tubules. 3 Reduction in the estimated glomerular filtration rate is common among older adults, and over 25% of those 65 years of age or older have an estimated glomerular filtration rate less than 60 mL/min per 1.73 m 2 . 4 The renal elimination of nitrofurantoin is reduced in patients with low estimated glomerular filtration rate, which can increase the risk of treatment failure for urinary tract infection and possibly also the risk of adverse events caused by elevated blood concentrations of the drug. 5, 6 Therefore, nitrofurantoin is not recommended for patients with estimated glomerular filtration rate below 60 mL/min per 1.73 m. 7 However, this recommendation remains controversial, as the supporting evidence originates from studies with small sample sizes (< 20 patients with reduced creatinine clearance) and outcomes of drug concentration in the urine, rather than treatment success. 5, 6 A recent review suggested that the drug be avoided only for those with estimated glomerular filtration rate below 40 mL/min per 1.73 m 2 . 8 Two recent retrospective studies suggested that the effectiveness of nitrofurantoin is no different between those with and those without reduced kidney function; 9, 10 however, both studies included a limited number of patients with estimated glomerular filtration rate below 40 mL/min per 1.73 m 2 . In routine care, nitrofurantoin is frequently prescribed for patients with low estimated glomerular filtration rate, but the safety and effectiveness of this practice remain uncertain.
Background:
The antibiotic nitrofurantoin is commonly used to treat uncomplicated urinary tract infections. However, when this drug is used by patients with reduced kidney function, its urine concentration may be subtherapeutic.
Methods:
We conducted a population-based study of older women (mean age 79 years) in Ontario, Canada, whose estimated glomerular filtration rate was relatively low (median 38 mL/min per 1.73 m 2 ) and for whom 1 of 4 anti biotics had been prescribed for urinary tract infection: nitrofurantoin, ciprofloxacin, norfloxacin or trimethoprim-sulfamethoxazole. We assessed 2 measures of treatment failure in the subsequent 14 days: receipt of a second antibiotic indicated for urinary tract infection and hospital encounter (emergency department visit or hospital admission) with a urinary tract infection. We repeated the analysis for older women with relatively high estimated glomerular filtration rate (median 69 mL/min per 1.73 m 2 ).
Results:
The baseline characteristics of the 4 antibiotic groups were similar. Relative to nitrofurantoin, the other antibiotics (including ciprofloxacin) were associated with a lower rate of treatment failure among women with relatively low estimated glomerular filtration rate (for ciprofloxacin v. We studied older women (age 65 years or older) with relatively low and relatively high estimated glomerular filtration rates to assess and compare the risk of treatment failure for urinary tract infection between patients treated with nitrofurantoin and those treated with other antibiotics indicated for this type of infection.
Methods

Study design and setting
We conducted a population-based, retrospective cohort study for the period June 2002 to March 2013 using linked health care databases in the province of Ontario, Canada. Ontario has more than 13 million residents, 15% of whom are 65 years of age or older. 12 All residents have universal access to hospital care and physician services, and those 65 years of age or older have universal prescription drug coverage. We conducted this study at the Institute for Clinical Evaluative Sciences according to a prespecified protocol that had been approved by the institute's research ethics board. We used datasets that were held securely in linkable files without any direct patient identifiers. The reporting of this study follows guidelines for observational studies (Appendix 1, available at www.cmaj.ca/lookup/suppl /doi:10.1503/cmaj.150067/-/DC1).
Data sources
We ascertained patient characteristics, drug use, covariate information and outcome data from records in 6 databases. We obtained vital statistics from the Ontario Registered Persons Database, which contains demographic information for all Ontario residents who have ever been issued a health card. We used the Ontario Drug Benefit Program database to identify prescription drug use. This database contains highly accurate records of all outpatient prescriptions dispensed to patients aged 65 or older, with an error rate of less than 1%. 13 We identified diagnostic and procedural information on all hospital admissions from the Discharge Abstract Database and information on emergency department visits from the National Ambulatory Care Reporting System, both maintained by the Canadian Institute for Health Information. We obtained covariate information from the Ontario Health Insurance Plan database, which includes health claims for inpatient and outpatient physician services. Finally, we used the Institute for Clinical Evaluative Sciences Physician Database for information about antibiotic prescribers. Previously, we have used these databases for research concerning adverse drug events and health outcomes, including estimates of effect in patients with reduced estimated glomerular filtration rate. [14] [15] [16] [17] [18] To assess baseline comorbidities in the 5 years before receipt of the index prescription, we used codes from the International Classification of Diseases (9th revision [pre-2002] and 10th revision [ICD-10; post-2002] ). All outcomes occurred after 2002, so only ICD-10 codes were used to identify outcome information. For a small proportion of the cohort, outpatient serum creatinine values were provided by a large commercial laboratory in the year before cohort entry, and we determined kidney function in this subpopulation using these data to estimate glomerular filtration rate. Codes used to ascertain comorbidities and outcomes are detailed in Appendix 2 (available at www.cmaj.ca/lookup /suppl/doi:10.1503/cmaj.150067/-/DC1).
Patients
We studied a cohort of older women with relatively low estimated glomerular filtration rate (based on a validated algorithm of diagnosis codes for chronic kidney disease; 19 see Appendix 2) who received a prescription for 1 of 4 oral antibiotics: nitrofurantoin, ciprofloxacin, norfloxacin or trimethoprim-sulfamethoxazole. All of these antibiotics are frequently considered firstline therapy for urinary tract infections. 20 We restricted the cohort to patients over 65 years of age, as we had accurate information on the outpatient drugs dispensed to patients in this age group. We excluded older men because of the possibility that urinary tract infection in men may be complicated by prostatic obstruction. The date of the prescription of the study antibiotic served as the index date (cohort entry date). We studied a second cohort of women with relatively high estimated glomerular filtration rate (determined by the absence of codes for chronic kidney disease). In Ontario, the validated algorithm for patients with relatively low estimated glomerular filtration rate (i.e., chronic kidney disease) identifies older adults with a median estimated glomerular filtration rate of 38 (interquartile range [IQR] 27-52) mL/min per 1.73 m 2 , whereas absence of codes for chronic kidney disease identifies those with a median rate of 69 (IQR 56-82) mL/min per 1.73 m 2 . 19 In an additional analysis, we studied a subpopulation of women whose baseline serum creatinine values were available for direct calculation of estimated glomerular filtration rate using the Chronic Kidney Disease Epidemiology Collaboration formula. At a recent consensus conference, this formula was described as the most accurate method for estimating glomerular filtration rate and was deemed appropriate for use in drug dosing (with recognition that all equa-tions provide similar estimates when the glomerular filtration rate is low). 21 We excluded the following patients from all cohorts: those in their first year of eligibility for prescription drug coverage (age 65), to avoid incomplete medication records; those with prescriptions for any antibiotic in the 120 days before the index date, to avoid including continuing treatments for the same urinary tract infection; those with more than one antibiotic prescription on the index date; those who had been discharged from a hospital or had an emergency department visit in the 2 days before the index date, to ensure that antibiotic use was newly initiated in a nonhospital setting (in Ontario, patients continuing antibiotic treatment initiated in hospital would have their oral outpatient prescription dispensed on the same day or the day after hospital discharge); those with a history of end-stage renal disease, because of their minimal urine output; those without evidence of urine being cultured in the 2 days before or on the day after the antibiotic prescription, to ensure that included patients were being treated for a urinary tract infection (submission of a urine sample for culture was accurately recorded in our data sources, but culture results were not available); those in a long-term care facility, because antibiotic use and resistance may be higher in these patients; 22, 23 and those with characteristics suggesting complications associated with the urinary tract infection, specifically visit to a urologist, history of kidney stones and antibiotics not prescribed by a general practitioner. For patients with multiple eligible prescriptions, the first eligible prescription was included in the study.
Outcomes
We assessed 2 measures of treatment failure in the 14 days following prescription of an antibiotic: receipt of a second antibiotic indicated for urinary tract infection (from the list of antibiotics presented in Appendix 2) and hospital presentation (either an emergency department visit or hospital admission) with a urinary tract infection. In a validation study conducted in Denmark, ICD-10 hospital diagnosis codes for urinary tract infection had sensitivity of 61%, specificity of 95% and positive predictive value of 54%. 24 We used a similar set of codes to identify urinary tract infection, accounting for small differences between the Canadian and Danish ICD-10 coding structures (see Appendix 2) . Treatment success was not directly recorded in our datasets, so we selected the 2 specified measures because patients with failure of treatment for urinary tract infection would likely receive a new antibiotic prescription or would present to a health care facility with ongoing symptoms (or both). All comparisons were made between nitrofurantoin (reference group) and the other study antibiotics (ciprofloxacin, norfloxacin and trimethoprimsulfamethoxazole).
Statistical analyses
We compared baseline characteristics between those with a prescription for nitrofurantoin and those with a prescription for ciprofloxacin, norfloxacin or trimethoprim-sulfamethoxazole, using the standardized difference. 25, 26 This metric describes the difference between group means relative to the pooled standard deviation; differences greater than 10% are considered meaningful. 25 We used multivariable logistic regression analyses to estimate odds ratios (ORs) and 95% confidence intervals (CIs). We adjusted for 11 prespecified potential confounders: age, year of cohort entry, rural residence, duration of initial antibiotic prescription (≤ 7 d v. > 7 d), number of antibiotic prescriptions in the previous 5 years, number of urine samples cultured in the previous 5 years, number of unique medications and presence of dementia, stroke, diabetes mellitus and urinary incontinence. To account for clusters of patients within prescribing physicians, we reran the analysis treating the prescribing physician as a random effect. We performed a similar analysis in the subpopulation of women with calculated values of estimated glomerular filtration rate to evaluate antibiotic effectiveness across different levels of kidney function. ORs can be approximated as relative risks, given the incidences observed. We conducted all analyses with SAS version 9.3 (SAS Institute Inc.). In all outcome analyses, we considered 2-tailed p values below 0.05 as marking statistical significance.
Results
Baseline characteristics
We identified 9223 women with relatively low estimated glomerular filtration rate and 182 634 women with relatively high estimated glomerular filtration rate for whom 1 of the 4 study antibiotics was prescribed (cohort selection is described in Appendix 3, available at www.cmaj .ca/lookup /suppl/doi:10.1503/cmaj.150067/-/DC1). Overall, baseline characteristics were similar across the 4 antibiotic groups in each of the 2 cohorts (Table 1 and Table 2 ; most standardized differences < 10%). In both cohorts, nitrofurantoin was the most commonly prescribed antibiotic (40.5% and 38.7% of prescriptions, respectively). The median dose of nitrofurantoin was 200 (IQR Note: ACE = angiotensin converting enzyme, ARB = angiotensin II receptor blocker, SD = standard deviation, TMP-SMX = trimethoprim-sulfamethoxazole. *Unless otherwise indicated. †Standardized differences are less sensitive to sample size than traditional measures for testing hypotheses. They provide a measure of the difference between groups divided by the pooled SD, where a value greater than 10% is considered to represent a meaningful difference. 25 ‡Municipalities with population < 10 000 were considered to be rural. §Health care use (except for primary care visits) was assessed as the mean number of visits by a patient in the preceding 5 years. ¶Primary care visits were assessed as the mean number of visits by a patient in the preceding year. **Comorbidities were assessed for the preceding 5 years. † †Coronary artery disease includes undergoing coronary artery bypass graft surgery or percutaneous coronary intervention and diagnosis of angina. ‡ ‡Diabetes mellitus was assessed through use of oral hypoglycemic medications and insulin prescriptions in the preceding 120 days. § §Urinary incontinence was assessed through prescriptions for overactive bladder medication in the preceding 120 days. ¶ ¶Baseline medications were assessed for the preceding 120 days. Note: ACE = angiotensin-converting enzyme, ARB = angiotensin II receptor blocker, SD = standard deviation, TMP-SMX = trimethoprim-sulfamethoxazole. *Unless otherwise indicated. †Standardized differences are less sensitive to sample size than traditional measures for testing hypotheses. They provide a measure of the difference between groups divided by the pooled SD, where a value greater than 10% is considered to represent a meaningful difference. 25 ‡Municipalities with population < 10 000 were considered to be rural. §Health care use (except for primary care visits) was assessed as the mean number of visits by a patient in the preceding 5 years. ¶Primary care visits were assessed as the mean number of visits by a patient in the preceding year. **Comorbidities were assessed for the preceding 5 years. † †Coronary artery disease includes undergoing coronary artery bypass graft surgery or percutaneous coronary intervention and diagnosis of angina. ‡ ‡Diabetes mellitus was assessed through use of oral hypoglycemic medications and insulin prescriptions in the preceding 120 days. § §Urinary incontinence was assessed through prescriptions for overactive bladder medication in the preceding 120 days. ¶ ¶Baseline medications were assessed for the preceding 120 days.
200-200) mg/day, and the median duration of antibiotic therapy was 7 (IQR 7-7) days.
Outcomes
Among patients with relatively low estimated glomerular filtration rate, receipt of ciprofloxacin or norfloxacin was associated with lower likelihood of receiving a second antibiotic during the followup period relative to nitrofurantoin ( Receipt of trimethoprim-sulfamethoxazole was associated with a lower incidence of both outcomes relative to nitrofurantoin (12.6% v. 13.8% and 2.1% v. 2.5%, respectively), but neither comparison was statistically significant. The patterns were similar for patients with relatively high estimated glomerular filtration rate (Table 3) . Receipt of a prescription for ciprofloxacin or norfloxacin was associated with lower likelihood of treatment failure than was the case with nitrofurantoin. Receipt of trimethoprim-sulfamethoxazole was associated with lower likelihood of receiving a second antibiotic indicated for urinary tract infection relative to nitrofuran- toin but was not significantly associated with a hospital encounter involving urinary tract infection. The larger sample size for patients with relatively high estimated glomerular filtration rate resulted in narrower 95% CIs than for those with relatively low estimated glomerular filtration rate. Also, as expected, patients with relatively high estimated glomerular filtration rate had a lower incidence of treatment failure.
Additional analyses
The primary associations proved robust in multiple additional analyses. First, we adjusted for 11 relevant confounders and found no meaningful difference from the unadjusted results for all outcomes (Table 3) . Second, when we treated the prescribing physician as a random effect, we found no appreciable change in the estimates of risk relative to the primary analyses. . We also examined the risk of hospital admission with adverse events; however, because of the limited sensitivity of the relevant codes and low event rates, meaningful comparisons were not possible.
Interpretation
Nitrofurantoin is currently considered unsuitable for patients with reduced estimated glomerular filtration rate. 7 In this study, nitrofurantoin was the antibiotic most commonly prescribed for urinary tract infection in older women, irrespective of estimated glomerular filtration rate. The rate of treatment failure was higher among patients who received nitrofurantoin than among those who received other antibiotics, such as ciprofloxacin. This difference was evident regardless of patients' estimated level of kidney function.
Our results are consistent with those of 2 other recent studies, which showed that the effectiveness of nitrofurantoin was unaffected by reduced estimated glomerular filtration rate in routine care. 9, 10 Also, in patients in the current study who had relatively low estimated glomerular filtration rate, nitrofurantoin was not associated with a significantly higher risk of treatment failure than was trimethoprim-sulfamethoxazole, consistent with the findings of Geerts and associates. 10 Furthermore, we found that ciprofloxacin and norfloxacin were associated with a lower rate of treatment failure than nitrofurantoin in patients with both lower and higher estimated glomerular filtration rate. These results may be explained by drug pharmacokinetics and bacterial resistance patterns. Nitrofurantoin undergoes more enzyme degradation and has a significantly shorter half-life than the fluoroquinolones, 3 which may affect antibiotic effectiveness. Furthermore, whereas Escherichia coli generally exhibits low resistance to nitrofurantoin (1.4% of isolates in Ontario during our study period), 27 the same cannot be said for other bacteria causing urinary tract infection. 28 In Ontario, the resistance of E. coli to trimethoprim-sulfamethoxazole during our study period was 16.8%, whereas resistance to fluoro quinolones was 7.1%, 27 which may explain some of the associations observed when we compared nitrofurantoin with trimethoprim-sulfamethoxazole.
Given these findings, a review of multiple sources of information is needed to define optimal prescribing for urinary tract infection in general practice. The use of nitrofurantoin for patients with relatively low estimated glomerular filtration rate may relieve the pressure to prescribe fluoroquinolones, a valuable antibiotic class the widespread empiric use of which may promote bacterial resistance.
Our study had several strengths. This was a large population-based study that addressed certain limitations of previous research, including inadequate control for confounders and small sample sizes; for example, in our study, the sample of patients with reduced estimated glomerular filtration rate who received nitrofurantoin was nearly 20 times the size of a corresponding sample in a prior study. 10 The use of Ontario's health care databases and definition of a patient population with universal prescription drug coverage yielded a representative sample of older women for whom the antibiotics of interest had been prescribed. This allowed us to estimate risks with good precision and excellent external validity. Furthermore, we focused on events that occurred soon after (within 14 days of) antibiotic initiation, which allowed us to be more confident about attributing observed effects to the type of antibiotic used. Finally, we compared the effectiveness of nitrofurantoin with that of other antibiotics recommended as first-line treatment for urinary tract infection, which adds to the clinical relevance of the study.
Limitations
Our study had some limitations. First, we identified urinary tract infection on the basis of urine cultures ordered and restricted the analysis to antibiotics recommended for this type of infection. Although we feel this approach is reasonable, we would have preferred to use data on patients' symptoms and bacterial culture results, along with antibiotic sensitivities. Consequently, we may have missed patients with a urinary tract infection for whom urine culture was not ordered. To ensure generalizability, we confirmed that the patients included in our study were similar to those for whom the same antibiotics were prescribed without evidence of urine culture (see Appendix 7, available at www.cmaj.ca/lookup /suppl/doi:10.1503/cmaj.150067/-/DC1). Furthermore, we recognize that resistance to nitrofurantoin could have resulted in subsequent prescription of an alternative antibiotic. However, we expect the number of patients in this situation to be low, given low resistance to nitrofurantoin during the study period. Second, as with any observational study, we may have failed to account for unmeasured confounders. Nonetheless, the 4 antibiotic groups were very similar at baseline, and adjustment for known confounders did not meaningfully alter the observed associations. Third, concordant patterns in adverse drug events would have strengthened our results, but these events were poorly coded, and there were too few events to perform meaningful analyses. Fourth, we had a limited number of patients with very low estimated glomerular filtration rates (i.e., < 20 mL/min per 1.73 m 2 ); as such, additional studies are warranted in this patient population, including those receiving dialysis. Fifth, given the data available, we were able to study only older patients with a urinary tract infection. Patients in this cohort also had an important history of urine culture, which may not be representative of the general population. Therefore, younger women and women with less frequent urinary tract infections may be more likely to have a successful outcome, regardless of the antibiotic prescribed. Finally, our data sources recorded the antibiotics dispensed, but we had no knowledge of patients' adherence with their medications. Any major differences in adherence between the antibiotic groups might have affected our outcomes.
Conclusion
Among older women with urinary tract infection, treatment failure was more common with nitrofurantoin than with other antibiotics, regardless of estimated level of kidney function. In this study, the presence of mild to moderate reductions in estimated glomerular filtration rate did not justify avoidance of nitrofurantoin.
